Bacterial competition for resources is common in nature but positive interactions among bacteria are also evident. We speculate that the structural complexity of substrate might play a role in mediating bacterial interactions. We tested the hypothesis that the frequency of antagonistic interactions among lignocellulolytic bacteria is reduced when complex polysaccharide is the main carbon source compared to when a simple sugar such as glucose is available. Results using all possible pairwise interactions among 35 bacteria isolated from salt marsh detritus showed that the frequency of antagonistic interactions was significantly lower on carboxymethyl cellulose (CMC)-xylan medium (7.8%) than on glucose medium (15.5%). The two interaction networks were also different in their structures. Although 75 antagonistic interactions occurred on both media, there were 115 that occurred only on glucose and 20 only on CMC-xylan, indicating that some antagonistic interactions were substrate specific. We also found that the frequency of antagonism differed among phylogenetic groups. Gammaproteobacteria and Bacillus sp. were the most antagonistic and they tended to antagonize Bacteroidetes and Actinobacteria, the most susceptible groups. Results from the study suggest that substrate complexity affects how bacteria interact and that bacterial interactions in a community are dynamic as nutrient conditions change.
INTRODUCTION
In natural environments, bacteria usually compete for limited space and nutrients (Hibbing et al. 2010; Foster and Bell 2012) . One of the most common mechanisms for bacterial competition is the production of antibiotic-like agents that inhibit the growth of other bacteria (Mangano et al. 2009; Hibbing et al. 2010; Rypien, Ward and Azam 2010) . Indeed, antagonistic interactions within a community have frequently been observed among bacteria in both aquatic and terrestrial environments (Grossart et al. 2004; Mangano et al. 2009; Rypien, Ward and Azam 2010; Prasad et al. 2011; Vetsigian, Jajoo and Kishony 2011) . Studies have shown that the majority of bacterial isolates antagonized at least one other isolate within the same community and some isolates even antagonized most of the others (Long and Azam 2001; Grossart et al. 2004; Mangano et al. 2009; Rypien, Ward and Azam 2010; Aguirre-von-Wobeser et al. 2014) .
Although antagonistic interactions within bacterial communities are common, positive interactions have also been observed. Examples include bacterial syntrophy in complex organic matter degradation (Schink 1997) and bacterial consortia that synergistically degrade lignocellulose (Kato et al. 2005; Wongwilaiwalin et al. 2010; Jiménez, Korenblum and van Elsas 2014) . However, studies that contrast bacterial antagonism and synergy are limited and thus factors that cause bacteria to have such opposite interactions remain unclear.
We propose that the complexity of carbon source is an important factor that mediates bacterial interactions. It is likely that bacteria tend to compete with others when labile nutrients are available but in limiting quantities. On the other hand, fewer antagonistic interactions might be expected when bacteria rely on complex carbon sources such as lignocellulose that require multiple complementary enzymes for their break down (Haruta et al. 2002; Wongwilaiwalin et al. 2010; Deng and Wang 2016) . It is thus of interest to know how interactions might change among the same group of bacteria when the complexity of the carbon source changes over time as this is commonly found in natural environments (Jaeger et al. 1999; Marschner and Kalbitz 2003; Carrero-Colón, Nakatsu and Konopka 2006; Mindl et al. 2007) .
In the present study, we tested the hypothesis that complex polysaccharides such as cellulose or xylan reduce the frequency of antagonistic interactions among lignocellulolytic bacteria. We isolated bacteria from salt marsh detritus that can use both glucose and cellulose/xylan as carbon sources. Bacteria were identified and tested for pairwise antagonistic interactions using both media. The two goals of the study were to test whether the frequency of antagonism is dependent on the structural complexity of the substrate and to determine whether the structure of resulting interaction networks differed between simple and complex substrates.
MATERIALS AND METHODS

Bacteria isolation and culture media
Cellulose-and xylan-degrading bacteria were isolated from salt marsh detritus collected in Ocean Springs, MS, USA (30
• 23 32 N 88
• 47 56 W), according to the method previously described (Deng and Wang 2016) . Briefly, three selective media were used to isolate bacteria. Each contained basal salt medium (Bushnell Haas broth with 1% NaCl) amended with one of three complex substrates as the sole carbon source: carboxymethyl cellulose (CMC) (0.5%), xylan (0.5%) or lignin (0.3%). The pH values of the media were all adjusted to 7.5. After incubation for 10-14 days at 25
• C, single colonies with different morphology were selected and streaked on fresh agar plates to obtain wellisolated colonies. Bacteria from single colonies were then transferred and grown on Zobell marine agar. Thirty-five bacterial isolates that were able to grow on glucose, CMC and xylan as the only carbon source (data not shown) were selected for further study.
The glucose medium (simple carbohydrate medium) used to study bacterial antagonistic interactions contained the basal salt medium mentioned above supplemented with 0.3% glucose. The CMC-xylan medium (complex carbohydrate medium) contained the same basal salt medium but was supplemented with 0.2% CMC and 0.1% of xylan instead of glucose. The two media contained trace amounts of yeast extract (0.05%) to promote initial bacterial growth. The pH of the two media was adjusted to pH 7.5. Agar (1.5%) was included when solid media were needed.
Sequencing of 16S rRNA genes and bacteria identification
Bacterial isolates were identified by 16S rRNA gene sequencing. The gene from each bacterium was PCR amplified using the universal primers 27F and 1492R (Weisburg et al. 1991) and the first half (∼700-900 bp) of the product sequenced using primer 27F for identification at the genus level (Lo Giudice et al. 2007 ). The sequences have been deposited in GenBank under the accession numbers KT356815 to KT356839 and KT356841 to KT356850. Putative taxonomic identities were assigned using the RDP Bayesian classifier (Wang et al. 2007 ) with minimum bootstrap confidence of 80%.
Antagonistic interaction assay
Bacterial isolates were first grown in 3 ml Zobell marine broth in 100 mm × 16 mm polypropylene tubes. After 18 h at 25
• C with shaking (250 rpm), 0.15 ml of each culture was used to inoculate 3 ml of either glucose or CMC-xylan medium to obtain seed cultures. Bacterial cultures were incubated with shaking (250 rpm) at 25
• C for 20 h (glucose medium) or 30 h (CMCxylan medium). Bacterial isolates grown in each medium were used in antagonistic assays on either glucose or CMC-xylan agar plates. CMC and xylan were used because they provide a clear medium that allowed definitive visualization of inhibition halos among bacteria. Although different from natural lignocellulose, CMC and xylan mimic the major components in lignocellulose and share similarity in the way they are enzymatically hydrolyzed. Pairwise antagonistic interactions among bacteria were determined using the Burkholder 'spot-on-lawn' method (Burkholder, Pfister and Leitz 1966; Cordero et al. 2012) . Briefly, all seed cultures were adjust to a final optical density (OD 595 ) of 0.5 with either fresh glucose or CMC-xylan medium. To make the bacterial lawn, each seed culture was spread evenly on either glucose plate or CMC-xylan plate using two sterile cotton swabs saturated with the culture. Subsequently, 1 μl of each bacterial culture (OD 595 = 0.5) was transferred onto the bacterial lawn in a grid pattern using a slot-pin replicator (cat. no. VP408S, V&P Scientific, Inc., San Diego, CA, USA). Sterile media were also spotted onto bacterial lawns as negative controls. Up to 25 bacterial cultures (referred to as sender bacteria) were tested per Petri dish, leaving enough space between cultures to prevent interference among sender bacteria. The presence or absence of growth inhibition was determined by looking for the presence of halos on agar plates 3 days after incubation at 25
• C for glucose plates and after 5 days for CMC-xylan plates. The bacteria used to grow bacterial lawns are defined as receiver bacteria because they receive signals produced by the sender bacteria spotted on the lawns (Aguirre-von-Wobeser et al. 2014) .
To ensure that interactions were assigned reliably, all pairwise interactions (35 × 35 or 1225 interactions) were tested at least three times with some four times in different layouts of sender bacteria. An inhibitory interaction between a pair of bacteria was assigned when inhibition halos were apparent in at least two out of three or three out of four repeated experiments.
Interaction networks and analysis
For data visualization, interaction networks for bacteria grown on the two media were constructed from binary interaction data (0 for no interaction and 1 for an interaction) using the 'igraph' network analysis package (Csárdi and Nepusz 2006) (Vetsigian, Jajoo and Kishony 2011) . The sender degree (out-degree) of a bacterium is the number of isolates it inhibits while the receiver degree (in-degree) is the number of other isolates that inhibit the bacterium (Pérez-Gutiérrez et al. 2013) . Therefore, a bacterium with a large sender degree is more antagonistic while one with a large receiver degree is more susceptible to growth inhibition by other bacteria.
RESULTS
Classification of cellulose/xylan-degrading bacteria
Thirty-five isolates that were able to grow using glucose, CMC and/or xylan as sole carbon sources were accurately assigned to the family level at 100% confidence (Table 1 ). All but two could be assigned a genus at high confidence (>93%). Two isolates, JDC15
and SDX13-3, are likely novel species. The 35 isolates were classified into five phyla or classes, including 13 Gammaproteobacteria (37%), 7 Alphaproteobacteria (20%), 6 Actinobacteria (17%), 5 Firmicutes (14%) and 4 Bacteroidetes (11%) ( 
Interaction network analysis
Interaction networks constructed using pairwise interaction data among the 35 bacteria isolates show antagonistic interactions occurring more frequently when bacteria grew on glucose medium compared with growth on CMC-xylan medium (Fig. 1 ). There were 190 antagonistic interactions among bacteria grown on glucose medium with an interaction density of 0.155, indicating that 15.5% of all possible interactions were antagonistic. The frequency of antagonistic interactions was lower when the bacteria grew on CMC-xylan medium with 95 antagonistic interactions and an interaction density of 0.078. For each isolate, the number of antagonistic interactions on CMC-xylan medium was about half that on glucose medium and confirmed to be statistically different using a paired t-test (t 35 = 4.747, P < 0.001).
In addition to a difference in the frequency of antagonistic interactions, the interaction network structure also differed between bacteria grown on glucose and those on CMC-xylan (Fig. 1) . Among the 95 antagonistic interactions observed among bacteria grown on the CMC-xylan medium, 75 (79%) also occurred on the glucose medium but 20 did not. Among the 190 antagonistic interactions observed on the glucose medium, 115 (61%) did not take place on the CMC-xylan medium. The occurrence of growth inhibition that occurred only on one medium supports the notion of different interaction network structures among bacteria on the two media. It is of interest to note that the three most antagonistic isolates (Vibrio sp. JDX1, Hahella sp. JDC17 and Bacillus sp. JDXE19) by themselves accounted for 79 of 190 antagonistic interactions (42%) on glucose medium and 56 of 95 antagonistic interactions (59%) on CMC-xylan medium (Table 2, Fig. 1 ). In general, there was an inverse relationship between bacterial antagonizing ability and susceptibility. Those that inhibited other bacteria more frequently (high sender degree) were themselves less susceptible to inhibition while those that had low sender degree were usually more susceptible to others (high receiver degree). This was more obvious when bacteria grew on glucose medium (Fig. 2) . Bacteria grown on CMC-xylan medium were generally less susceptible to inhibition by others with most bacteria being inhibited by five or fewer other isolates (receiver degree ≤ 5) (Fig. 2) . Highly antagonistic bacteria were generally more resistant to inhibition by others while susceptible bacteria were less antagonistic to others.
Antagonism and susceptibility among bacterial groups
Antagonism was not randomly distributed among bacterial groups. As sender bacteria, the Firmicutes (mostly Bacillus spp.) were the most antagonistic, followed by Gammaproteobacteria (Table 3) . When grown on glucose medium, Bacillus bacteria inhibited the growth of Actinobacteria and Bacteroidetes both at a frequency of 50%. Gammaproteobacteria inhibited the growth of Actinobacteria, Bacteroidetes and Alphaproteobacteria at frequencies of 33, 36 and 33%, respectively (Table 3) . As receiver bacteria, Bacillus were the least susceptible with no growth inhibitions by Actinobacteria, Bacteroidetes or Alphaproteobacteria (Table 3 ). In general, frequencies of antagonism among bacteria within the same group were low, with the highest within Gammaproteobacteria at 16%. Similar patterns of group-group interactions were observed when bacteria were grown on CMC-xylan medium but with lower frequencies of antagonism (Table S1 in the online supplementary material). 
DISCUSSION
Bacterial communities encounter dynamic changes in nutrient availability including carbon sources (Jaeger et al. 1999; Marschner and Kalbitz 2003; Carrero-Colón, Nakatsu and Konopka 2006; Mindl et al. 2007) . For example, simple carbohydrates such as glucose and fructose may be more available from plants during the growing season while more complex polysaccharides such as cellulose and xylan in the winter (Hocking 1989; Lawlor 1995; Kritzberg, Langenheder and Lindström 2006; Caffall and Mohnen 2009) . Both simple carbohydrates and complex polysaccharides are important carbon and energy sources to heterotrophic bacteria. However, because simple sugars are utilized more rapidly than complex polysaccharides, the composition of carbon sources changes over time. The goal of the present study was to determine whether the chemical complexity of the carbon source affects bacterial interactions and thus potentially influences the structure and activity of the bacterial community in natural environments. Overall, we found that reliance on complex carbohydrates reduces the frequency of bacterial antagonism. The frequency of growth inhibition among bacteria relying on glucose was twice that of bacteria relying on CMC-xylan. Why do bacteria inhibit each other more frequently when glucose is used? One possibility is that glucose, as a more readily utilized carbon source, promotes faster growth and production of antibiotic-like compounds that inhibit the growth of competing bacteria. On the other hand, CMC and xylan are difficult to break down, requiring multiple lignocellulolytic enzymes. For bacteria dependent on such complex substrates, simple sugars are not as readily available, thus a greater proportion of the energy may be devoted to producing enzymes required to degrade the substrate and less energy toward the production of antibiotic-like compounds.
We considered the possibility that faster growth and higher cell density on glucose medium might cause antagonism to be more obvious. To control for this, bacteria growing on CMCxylan medium were incubated longer (5 days compared to 3 days) before examination for the presence of inhibition halos. The longer incubation time allowed sender bacteria on CMCxylan to grow to similar colony sizes compared to those grown on glucose. There was little difference in the size of inhibition halos between Days 3 and 5 among bacteria grown on glucose medium.
Although it is not possible to rule out better growth of bacteria on glucose medium as a factor in the higher frequency of antagonism, the results also show that some of the antagonistic interactions were substrate specific and independent of bacterial growth rate. While 75 antagonistic interactions occurred on both media, 20 interactions occurred only on CMC-xylan and 115 on glucose only. The bacteria responsible for the 20 antagonistic interactions specific to CMC-xylan did not grow to larger colony sizes than on glucose medium. Instead, substratespecific antagonism might result from different antibiotic production in the presence of different sugars (see Sánchez et al. 2010 and Singh, Rautela and Cameotra 2014) . Instead of only glucose in the glucose medium, xylose and arabinose could be present when xylan in the CMC-xylan medium was hydrolyzed (Bastawde 1992) . Other types of polysaccharides when hydrolyzed may also stimulate antibiotic production. For example, chitin, after degradation into simple sugars, stimulated production of antibiotics by Vibrio coralliilyticus (Wietz, Månsson and Gram 2011) and Streptomyces coelicolor (Nazari et al. 2013) . For further insight, it would be of interest in the future to study whether the type of monosaccharide affects antibiotic production and bacterial antagonism among those bacterial strains.
Antagonism was not randomly distributed among bacterial groups. Gammaproteobacteria and Firmicutes (mostly Bacillus spp.) were the most antagonistic and they tended to inhibit Actinobacteria and Bacteroidetes. Our results are consistent with those of previous studies (Long and Azam 2001; Grossart et al. 2004) . One exception is that Actinobacteria were found to be the most susceptible among the bacteria tested in this study. Earlier studies showed that Actinobacteria, especially streptomycetes, were among the most antagonistic bacteria and were regarded as good antibiotic producers (Grossart et al. 2004; Hopwood 2006) . This difference in findings could be due to a difference in bacterial species studied. The finding that within-group antagonistic interactions were generally infrequent (Table 3) is consistent with previous studies showing that closely related bacteria are less likely to inhibit each other (Vetsigian, Jajoo and Kishony 2011; Cordero et al. 2012) .
In conclusion, this study provides evidence that the structural complexity of the carbohydrate substrate can affect the frequency of antagonistic interactions among bacteria. Compared to bacteria relying on a simple sugar such as glucose, our study showed that bacteria relying on complex polysaccharides such as cellulose and xylan inhibited the growth of other lignocellulolytic bacteria less frequently. Many occurrences of antagonism appeared specific to substrate. Additionally, antagonism was not uniform among bacterial groups, with Gammaproteobacteria and Bacillus bacteria the most antagonistic and Actinobacteria and Bacteroidetes the most susceptible. Taken together, the results suggest that in more complex environments, changes in substrate composition as nutrients are used over time are likely to affect bacterial interactions and thus the composition and structure of the community.
